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A 0.25-pm HV-CMOS Synchronous Inversion and
Charge Extraction Interface Circuit With a Single
Inductor for Piezoelectric Energy Harvesting

Chi-Wei Chen
and Wen-Jong Wu

Abstract—This article presents an on-chip synchronous inver-
sion and change extraction (SICE) interface circuit, which com-
bines the advantages of both the synchronous switch harvesting
on inductor (SSHI) and synchronous electric charge extraction
(SECE) interface circuits while utilizing a shared inductor. The
SICE employs a bias-flip operation, similar to the SSHI, by in-
verting the piezoelectric voltage at each extremum multiple times
to achieve higher power gain. Subsequently, SICE transfers all
energy in piezoelectric harvester to the output capacitor, similar
to the harvesting operation used in an SECE, thereby making
the transferred energy independent of the loading impedance.
A prototype ac—dc converter with the proposed SICE interface
circuit was fabricated in a TSMC 0.25-p:m process. Experimental
results demonstrate an output power (PoyT) of 130 W when the
piezoelectric voltage (Vpz) is 10V. The SICE interface circuit has
been theoretically and experimentally shown to harvest more than
624% compared to the conventional full-bridge rectifier, validating
its superior performance.

Index Terms—Piezoelectric energy harvesting, synchronous
electric charge extraction (SECE), synchronous switch harvesting
on inductor (SSHI).

1. INTRODUCTION

REVIOUS studies regarding piezoelectric harvesters fabri-
P cated with microelectromechanical system (MEMS) tech-
nology of around 1cm? can generate tens to hundreds of mi-
crowatts [1]. MEMS devices and piezoelectric ceramics are two
different piezoelectric harvesters with different characteristics
and capabilities. MEMS devices are small and compact but
less flexible than Piezoelectric Ceramics, which offer adjustable

Manuscript received 23 April 2023; revised 18 July 2023; accepted 25
August 2023. Date of publication 4 September 2023; date of current version
23 October 2023. This work was supported in part by the Agence Nationale
de la Recherche, France, under Grant ANR-15-CE22-0015-01 and in part by
the Ministry of Science and Technology, Taiwan, under Grant 105-2923-E-002-
006-MY3 (BESTMEMS project). Recommended for publication by Associate
Editor K. Chen. (Corresponding author: Chi-Wei Chen.)

Chi-Wei Chen and Weining Zeng Pranoto are with the Graduate Institute
of Electronics Engineering, National Taiwan University, Taipei 10617, Taiwan
(e-mail: willychen20020 @ gmail.com; weiningpranoto @ gmail.com).

Hsin-Shu Chen is with the Electrical Engineering, National Taiwan Univer-
sity, Taipei 10617, Taiwan (e-mail: hschen@ntu.edu.tw).

Wen-Jong Wu is with the Department of Engineering Science and Ocean
Engineering, National Taiwan University, Taipei 10617, Taiwan (e-mail:
wjwu@ntu.edu.tw).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3311453.

Digital Object Identifier 10.1109/TPEL.2023.3311453

, Student Member, IEEE, Weining Zeng Pranoto

, Hsin-Shu Chen
. Member, IEEE

, Senior Member, IEEE,

mass and resonance frequency. However, MEMS devices have
lower power consumption due to their miniaturized nature. The
selection also depends on requirements in a specific application,
including the resonance frequency, parasitic capacitance, and
output power.

In a simplified yet equivalent circuit model, the Piezoelectric
Harvester current can be modeled as an ac sinusoidal current
source (Ipyz) that alternates its current polarity every half piezo-
electric harvester vibration period connected in parallel with a
capacitor (Cpyz) [2]. An interface circuit is required to convert
the ac sinusoidal current source into a stable dc voltage to extract
energy from the piezoelectric harvester.

The most commonly used interface circuit in conjunction with
the piezoelectric harvester is a full-bridge rectifier (FBR), which
consists of four diodes. The FBR’s output directly connects to the
load or energy storage components [3]. However, due to Cpy, the
voltage and current phases of the piezoelectric harvester are 90°
apart, resulting in a low power gain of the FBR. Therefore, the
output power (PoyT) depends heavily on the loading impedance
(Rpr). As a result, achieving impedance matching between Ry,
and the output impedance (R ) of the piezoelectric harvester is
essential for maximizing Poyr. Consequently, several interface
circuits utilizing nonlinear switching techniques have been pro-
posed [4], [5], [6], [7], [8], [9], [10], [11], [13], [14], [15], [16],
[17], [21], [23], [24], [25], [26], [27], [28], aiming to achieve
impedance matching.

In order to further increase Pour, an inductor is added to
transfer the energy by LC resonance. Fig. 1(a) depicts the circuit
diagram of a synchronous switch harvesting on an inductor
interface circuit (SSHI) [4]. When switch Sy is turned ON, an
LC resonant circuit is formed between Cpyz and the inductor L.
This circuit conducts for half of an LyCpy resonance period,
causing the voltage across Cpy, referred to as Vpyz, to invert
its polarity. This operation, known as bias-flip, enhances the
amplitude of Vpy and increases Poyr. However, the maximum
Poyt in pure SSHI still depends on the impedance matching
between the piezoelectric harvester and the interface circuit,
similar to the FBR. Therefore, in order to maximize Poyr,
it is typical to maintain the impedance matching condition
through maximum power point tracking [5]. The simplest MPPT
circuit employs a step-down buck dc—dc converter operating in
discontinuous conduction mode to regulate the FBR output [6].
Combining SSHI with a buck dc—dc converter has been reported
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Fig. 1.  Circuit diagram of (a) switch harvesting on inductor, (b) synchronous
electric charge extraction, and (c) SICE interface circuits.

to improve Poyt by 400% [7]. A variant of SSHI, described in
[8], replaces the diodes in the rectifier with MOS transistors to
further enhance power extraction by 681% compared to an FBR.
Another proposed SSHI, documented in [28] and [30], integrates
MPPT and achieves energy-extraction improvements of 417%
and 738%, respectively. However, it usually requires complex
and power-hungry circuits to sense the Poyr accurately. Fur-
thermore, the inherent delay in detecting V¢ variations reduces
tracking efficiency and the overall circuit performance.

On the other hand, a synchronous electric charge extraction
interface circuit (SECE) [9] combines a buck-boost dc—dc con-
verter (BBC) with an FBR, as shown in Fig. 1(b). SECE elim-
inates the need for impedance matching [9], [10] by isolating
the Piezoelectric Harvester from R using an inductor (Ly).
Energy is initially stored in L; and then transferred to the output
capacitor (Cour). The SECE was reported to increase power
gain by 197% [10] and 222% [23], with a maximum theoretical
improvement of 400%. Though SECE has a load-independent
characteristic, the power gain of SECE is generally lower than
that of SSHI due to VPZ starting from zero voltage in each
charge accumulation cycle.

Another proposed interface circuit, a synchronized switch
harvesting on capacitor (SSHC), has been proposed in [27]
and [29]. The SSHC needs capacitors with several tens of nF,
similar to the Cpy of the piezoelectric harvester, which occupy a
significant area within the system. Some hybrid techniques have
also been proposed, using a pre-charge and accumulation [26],
synchronized switch harvesting on capacitor-inductor (SSHCI)
[25], and a PCB-level implementation of synchronous inversion
and change extraction interface circuit (SICE) [21]. SSHCI com-
bines SSHI and SSHC, but it still requires an MPPT scheme to
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provide load independence for the circuit. SICE aims to integrate
SSHI and SECE, creating a solution that combines the advantage
of both techniques while eliminating their drawbacks.

Lallart et al. [21] analyzed the mechanical aspects of SICE,
providing a comprehensive understanding of SICE. In contrast
hand, our study specifically concentrates on the electrical aspects
of SICE. We aim to provide insights into IC-Implementation
SICE’s performance and design considerations.

As depicted in Fig. 1(c), the proposed SICE combines SSHI
and SECE. It consists of a bias-flip circuit, an FBR, and a BBC.
Thus, SICE retains two main benefits: high power gain similar to
SSHI and load-independent as SECE. This article represents an
extended version of previous work,' which verified the concept
of SICE through the simulation only. Furthermore, since Ly and
L, do not operate concurrently, we merged these two inductors
into one shared inductor (Lg), further reducing the PCB area and
cost of the SICE interface circuit. Besides, the switches used in
FBR are merged with the switches (S;-S3) used in BBC to lower
the conduction loss.

The rest of this article is organized as follows. Section II dis-
cusses the operating principle and system architecture. Circuit
implementation is described in Section III. Section IV presents
the simulation and measurement results. Finally, Section V
concludes the article.

II. PROPOSED SYNCHRONOUS INVERSION AND CHARGE
EXTRACTION (SICE) INTERFACE CIRCUIT

A. Concept of Operation

The proposed SICE utilizes the bias-flip operation, which is
the same as the one performed in SSHI. Compared to SSHI, there
will be npr consecutive bias-flip operations within one period
in SICE. After completing npy bias-flip operations, a harvesting
operation transfers energy to Coyr, the same as in SECE.

Fig. 2 illustrates the SICE waveform for bias-flip number
(npr) is 1. Tpy represents one vibration period of the piezoelec-
tric harvester. sz denotes the amplitude of Vpy. I1,g represents
the current of Lg. The bias-flip factor, denoted as +, represents
the ratio of the Vpy voltage after performing one bias-flip
operation to the initial sz voltage. In this case, since npp is
1, a harvesting operation occurs with one bias-flip operation.
The bias-flip operation inverts Vpz, while the harvesting oper-
ation causes Vpy to approach 0 by transferring all energy in
Cpyz to Cour. ILs can be in either positive or negative value
depending on the polarity of the Vpy during the previous charge
accumulation.

Fig. 3 depicts the circuit configurations for different phases in
SICE are depicted in Fig. 3. Fig. 3(a) illustrates the circuit config-
uration of the open-circuit phase (o). In o, all switches are
turned off, and the piezoelectric harvester accumulates electric
charge in Cpy. Vpy reaches its peak value after half of Tpy due
to charge accumulation. Fig. 3(b) shows the circuit configuration

IK.-R. Cheng, H.-S. Chen, M. Lallart and W.-J. Wu, "A 0.25 yum HV-CMOS
Synchronous Inversion and Charge Extraction (SICE) Interface Circuit for
Piezoelectric Energy Harvesting," 2018 IEEE International Symposium on
Circuits and Systems (ISCAS), Florence, Italy, 2018, pp. 1-4, doi: 10.1109/IS-
CAS.2018.8351700.
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Fig. 3. Circuit configurations of (a) ®oc, (b) Ppr and ®Pyc, (c) positive
Py, and (d) negative Py,.

during the bias-flip phase (®Ppr). In Ppr, S and S» are turned
ON for half of the LsCpz resonance period to invert the polarity
of Vpy. sz flips from sz to -’yVPZ after ®pr, and SICE
reenters P again.

A harvesting operation, which harvests energy from Cpz and
Lyg, consists of two consecutive phases, ®1;¢c and Py, Pryc has
the same circuit configuration but differs in duration compared
to Ppp. In Py, S1 and Ss turn ON only for a quarter of an LgCpy,
resonance period to make Vpyz close to 0, fully transferring the
energy from Cpyz to Lg. After @ concludes, SICE enters
®yy1,, which is responsible for transferring the energy stored
in Lg to Coyr. The polarity of Vpz during ®yc corresponds
to different /1,5 directions in Py, thus requiring two different
switch configurations for charging Coy, as depicted in Fig. 3(c)
and (d). An SICE period completes upon finishing of ®y,.
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The duration of the bias-flip operation may vary depending on
ambient excitations, actual inductor, and Cpy value. The termi-
nation of the ®pr and Py, which are generated by an internal
pulse generator, can be manually calibrated in the measurement.

B. System Architecture

Fig. 4 shows the overall architecture of the SICE interface
circuit, which consists of the following circuit blocks.

1) The power stage, which includes a piezoelectric har-

vester, Lg, Cour, Ry, two pairs of transmission gates
M /M1, M2, /M5, and an active negative voltage con-
verter (ANVC) [11].

2) A passive negative voltage converter (PNVC), connected

in series with a peak detector.

3) A reverse current detector (RCD) with two high voltage

isolation circuits.

4) A pulse generator and the control logic along with drivers

and level shifters.

During ®gr, M1 ,/M1, and M5,/M>,, are turned on for half
of an LsCpy resonance period to flip Vpyz. In e, M1, /My,
and My ,,/M>,, are turned ON for a quarter of an LgCpy, resonance
period to transfer energy from Cpy to Lg. In @y, the ANVC
transistors M3-Mg serve as an FBR, establishing a loop between
Lgand Coyr to complete the harvesting operation. Based on the
direction of I, either the transistors pair Ms/Mg or M4/M5 is
turned ON. The harvesting operation concludes when the current
of M3/Mg or M4/M5 decreases to zero, transferring all charges
to Cour.

The PNVC rectifies the voltage of Vpy and provides the
rectified piezoelectric voltage, VrrcT, to the peak detector,
which consists of a passive high-pass filter and a dynamic
comparator. The high-pass filter output Viypy approaches zero as
VrecT reaches its peak value as there is a 90° phase difference
between them. When Vypr crosses the zero-voltage threshold,
the dynamic comparator output (d,,) signal goes high, indicating
the initiation of either a bias-flip or a harvesting operation.
Simultaneously, the Pulse Generator generates a pulse corre-
sponding to the duration of ®gpr and Pyc.

The RCD is essential to prevent reverse current flow from
Cour to Lg during @1, [10]. Most control circuits, including
the peak detector, pulse generator, control logic, and RCD,
comprise 5 V breakdown voltage transistors. The input of the
RCD cannot directly connect to the power stage node of the
inductor terminals, V1 and Vi_ since they may reach 12 V,
exceeding the breakdown voltage in RCD during bias-flip or
harvesting operations. Therefore, a high-voltage isolation be-
tween the power stage and RCD effectively isolates the 5 V
breakdown voltage transistors from the high-voltage nodes.

Fig. 5 presents the state diagram of SICE operation. Ipy is
a sinusoidal current. Thus, it can be divided into positive and
negative accumulations depending on the direction of Ipyz. In
the positive accumulation, Vpy increases due to charge accu-
mulation in Cpyz. Conversely, in the negative accumulation, Vpy
decreases as the Ipy direction reverses.

Initially, SICE operates in either a positive or negative ac-
cumulation ®pc. If SICE starts with $oc in the positive



15710 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

Ls
—t Y Y Y\
Piezoelectric On-Chip D
Harvester model £“ .ANVC
: i Vpz M'",:ﬂ-l:. Vi ; i Voyr
' 0 Viax, ] 0
: : T i Dws
: : o E :
: Ipz + : I-l :
! 4 H ] : - >
: 6" Cpz—=Vpz! | o M.: ——COUTgRL
: i : Dwman : ;
: E L ]
H ' M . D '
: i Vez »¥TT Vi H il
:. ...................... 0 Vi * I I ! 0
My, ! | l : Ms: =
Yy I —
Vv DT i Dws_ i
RECT PNVC wo &3
_______ S N mrmrrmrr—rmrrerr N High Voltage VL*_ISO‘ Reverse
: Peak Detector  [Isolation Circuit | current |
t CPD== | Ve : [ Hign Voitage | Ve.iso _ | Detector
‘ T i | 1solation Circuit > |_(RCD)
: > :
: Rep . [ Puise
T " |Generator
|.__--_.= --------------------------------- ’ * \
Ring Control Logic I
Oscillator '
| Drivers & Level-Shifters I
P11 11
Dmip Dmin Dmzp Dmzn Dm3 Dms Dwms Dws
Fig. 4. Overall architecture of the SICE interface circuit.
1-==  Positive Accumulation (Vpzincreases in @oc) ===========csscccccccccccmccccoccccoiioootooocoaee 8
[ .
! | Pgr Doc @yt Positive Py E
! /
: Veze Vi —p Vpz+ Vpz+ Vour |1
: :
: :
! + If ncur<ner +  |If ncur=nger |+ Cour |}
' Crz== Vp, Ls% hal™ 6 Coz— V| ™ Crz== Vp, Ls% s Ls% Is E
g _ - -
: :
: Vpz] V.. Vpz. Vpz, !
: = :
SRR ¥ 0 VA -
A e A e e e s )
E Dgr , ®Dpc+ Negative Py :
. Vpz+ Vis ql Vpz+ Vpz+ Vour !
' '
3 L
: '
' + + - + C '
. £ If ncyur<ngr 4 If ncur=ngr L Lzourt |
- Crz== Vp; LngILS - 6 Crz== Vpg|]ooor- Crz== Vp; Ls% Isbs3 |ls - '
. - - - '
' '
' Vez] Vo Vez Vez] '
] = ]
L] L
“--- Negative Accumulation (Vpz decreases in @og) ==-=======cccecmcmmommammac e iccececeaeaaee *

Fig. 5. State diagram of SICE.



CHEN et al.: 0.25-uM HV-CMOS SICE INTERFACE CIRCUIT WITH A SINGLE INDUCTOR FOR PIEZOELECTRIC ENERGY HARVESTING

Positive Accumulation
Negative Accumulation

—, Harvesting operation

2" Bias-flip
PZ

1% Bias-flip

Gain of Output Power g(ngg)
o UV = 0N : w v A 0 v,

» Time

Fig. 6. Waveform of SICE for ngg =2.

accumulation (the top-middle state in Fig. 5), the Piezoelectric
Harvester accumulates charge during Cpyz in ®oc. As Vpy
reaches a positive extremum, the circuit enters @y if the current
bias-flip number (ncur) is lower than the given bias-flip number
(npr). After @pr, SICE reenters ®oc in the negative accu-
mulation (the bottom-middle state in Fig. 5). The Piezoelectric
Harvester commences reverse charge accumulation in Cpy until
it reaches a negative extremum. The sequential alternation of the
®oc and Py process repeats until the ncygr reaches the value
of ngr. When ncyr equals npr, SICE enters ®y¢c and Py,
in succession, extracting energy from Cpy to Coyr through
ANVC. Once @y, completes, SICE returns to ®oc.

Fig. 6 illustrates the waveform of SICE for nprp = 2. After
Vpy reaches its peak value in @, the first bias-flip operation
is performed, resulting in the inversion of Vpy from sz to
—7sz. Subsequently, all switches in the power stage are turned
off, allowing the piezoelectric harvester to charge Cpz in o
until Vpy reaches its peak value, which is (-(7+1)sz). Since
ngr = 2, SICE executes a second bias-flip operation, inverting
Vpy from -(7+1)sz to v(7+l)vpz. Once V py reaches its
peak value again, the value of Vpy becomes (72—1—7—&—1)\71)2,
and SICE initiates a harvesting operation since ncyr equals
npr. All energy stored in Cpy is transferred to Coyr through
two bias-flip operations and one harvesting operation.

C. Analysis and Optimization for Poyr

Assuming the parasitic resistances of the Piezoelectric Har-
vester and Lg are relatively small compared to R, all energy
stored in Cpy can be transferred to Coy through the bias-flip
and harvesting operation. The energy (Ecpz) stored in Cpy for
ngr = 0 can be calculated as

1 N
Ec,, = §szVp22 (1
where Vpy is the voltage charged by Ipy within half of Tpy.

Therefore, Poyt of SICE for npr = 0 (Pg) is equal to Ecpz
divided by half of Tpy,

1 72
o §CPZVIDZ _

by — Crz Vi,
© Trz/2 '

2
Toy 2
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Since the circuit will perform harvesting in every half-cycle
and no bias-flip operation, the SICE in ngr = 0 is equivalent to
the SECE interface circuit. During the ®pr, Vpz flips from sz
to -’}/\A/PZ. 7 can be expressed using the following equation [7]

v = (Rocr, Ls, Cpz) = e ™/*9 (3)

where f, is the resonance frequency, Rpcr denotes the equiv-
alent series resistance along the Lg Cpyz path, and Q is the
quality factor of the resonance circuit [12]. It takes Tpy to finish
one bias-flip operation and one harvesting operation. Therefore,
Poyr of SICE with ngr = 1 (P1) can be written as

) N N2
50pz (VPZ + ’YVPZ)
B Tpz
. 2
+Cpz (VPZ (v+ 1)) @
B Tpz -

Similarly, the relation between npr and Poyt of SICE (P, r)
can be derived

~ 2
Crz (ViDZ (ymor 4 ymeel 4 1))
(ngr + 1) Tpz

Then, the gain of PoyT can be obtained by dividing the P, pr
by Py, where Py is the Poyr for ngr = 0. The gain of Poyr
after npp times bias-flip (g(npr)) is derived as

1 1 — ~Amertl 2
7 . (6)
NBF + 1 1-— Y

The relationship between g(npr) and npr, with different ~,
are illustrated in Fig. 7. g(npr) gradually decays with higher npp
since it takes more time for one harvesting with higher ngp. To
determine the optimal npp for the highest Pour, the function
g(npr) is differentiated to solve for the npp that results in the
highest PoyT

A" 1 — 21n () (ner + 1)] = 1. )

Prge = (&)

g (npg) =
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The optimized npy can be derived from (7). Since the number
of voltage bias-flip must be an integer, the actual number npp
is the integer closest to the value of npp calculated by (7). In
practice, the voltage rating of the switch in the power stage
should be considered when multiple bias-flip operations are
performed.

With v = 0.75, the optimal npy is 3 by (7), and the Poyr is
1.87 times that of SECE power. Since the PoyT of SECE is four
times the maximum power of the FBR [9], the Poyt of SICE
is 7.48 times the power of the FBR in theory. In order to attain
a Pour close to the theoretical value in SICE, it is necessary to
determine the optimal number of bias-flip operations (npy) and
appropriate durations for both ®pr and Pyc.

III. CIRCUIT IMPLEMENTATION

This section provides detailed explanations of the implemen-
tation of the subcircuits, including the power stage, negative
voltage converter, peak detector, RCD, pulse generator, and high
voltage isolation circuit.

A. Power Stage

All switches in the power stage are implemented using 12 V
breakdown voltage MOSFETs. Additionally, MOS transistors [13]
are utilized for ANV C instead of diodes to achieve more efficient
rectification. Instead of NMOS only, transmission gates are
adopted since the source-gate voltage (Vsg) of the PMOS is
close to 0 when Vpy approaches 0.

To prevent the body diode of PMOS in Power Stage from
conducting, the proposed SICE employs the bulk regulation
technique [11] to dynamically bias the body voltage of PMOS
with the highest voltage (V\ax), either VRgo or the internal
supply voltage VDD. Fig. 8(a) presents the schematic of the bulk
regulator, where only one PMOS with a lower gate voltage is
turned ON. As a result, the higher voltage between VrgcT and
VDD is connected to Vyrax.

B. Passive Negative Voltage Converter (PNVC)

The PNVC is responsible for converting the negative voltage
of Vpyz (Vpz4-Vpyz.) into a nonnegative signal (Vgrgcr), which
is equal to | Vpyz, - Vpyz. |. Fig. 8(b) illustrates the schematic
of PNVC. When Vpy, is higher than Vpy., My turns ON,
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Fig. 9. Schematic of the (a) peak detector, (b) reverse current detector,
(c) pulse generator, and (d) high voltage isolation circuit.

connecting Vpz. and Vpyz_ to Vreot and ground, respectively.
Consequently, VrRgcT always maintains a nonnegative value
equal to the absolute value of Vpy.

C. Peak Detector

Asillustrated in Fig. 9(a), peak detector consists of a dynamic
comparator [ 15] and a passive high-pass filter which is composed
of Cpp (5 pF) and Rpp (20 M), resulting in a cut-off frequency
of 1.66 kHz. At the resonant frequency of 120 Hz for the
piezoelectric harvester, the high pass filter (HPF) demonstrates
a phase shift of approximately +90°. As Vpyz reaches its peak
value, high-pass filter output (Vipr) crosses the zero-voltage
level, subsequently causing the dpk signal to go high.

Additionally, the HPF provides a gain of 0.07 to prevent the
high voltage of Vypr from causing damage to the dynamic
comparator. Diodes are employed to clamp Vypr to £0.7V,
preventing the voltage from exceeding the breakdown voltage
of the low-voltage transistor in the dynamic comparator.

Fig. 10 shows the schematic for the dynamic comparator of
the peak detector. It consumes zero quiescent currents, making
it suitable for low-power applications. The clock signal (CLK)
is generated from the internal ring oscillator with an oscillating
frequency of 80 KHz. The positive and negative input terminal
is labeled Vp and Vy, respectively. Vx and Vy are pulled low
when CLK is low. Dynamic comparator starts working when
CLK changes from low to high. If Vp is higher than Vy, Vx
rises faster than Vy to pull Vy toward the ground. As a result,
dpi goes high. As CLK changes from high to low, d,, returns
to the low level until the next time CLK rises.

Accurately detecting the peaks in SICE plays a pivotal role
as it directly impacts both the maximum Vpz and Pout. The
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accuracy of the peak detector is influenced by three primary error
sources, which are discussed as follows.

1) HPF Phase Shift Error: In practical scenarios, the HPF can
only approximate a phase shift close to, but not precisely
equal to, 90° since the gain (Ayp) of HPF cannot be
excessively small. Consequently, this inherent phase non-
ideality and the associated time advancement introduce
an error. With an input signal of 120 Hz and an HPF
cut-off frequency of 1.66 kHz, the phase shift is 85.8°,
corresponding to a time advancement error of 95.4 us.

An intentional inclusion of comparator offset is incorporated

to compensate for this delay in the simulation process to ensure
precise peak detection. However, variations in the values of Rpp
and Cpp can still affect the detected peak point.

2) Comparator Offset: The accuracy of peak detection is
influenced by the presence of a comparator offset. Specif-
ically, a dynamic comparator with a Vg offset of 1 mV
results in a shift of (1/Agp) mV in the detected peak point
of Vpy. For example, when employing a 3 mV offset and a
gain of 0.075, a displacement of 40 mV occurs. However,
from an energy standpoint, even with this offset, the energy
discrepancy remains below 1% when the peak voltage of
Vpyz is 10 V. Therefore, a3 mV offset is deemed acceptable
for our peak detector in the simulation process.

3) Comparator Clock Delay: The dynamic comparator’s out-
put can only change during the rising edge of CLK, thus
introducing an additional delay into the peak detector. In
the worst-case scenario, the dynamic comparator has to
wait for an entire period (12.5 us) of CLK to output a
high-level dpk. However, this delay introduces an error
of less than 0.1% of Vpy peak detection in our design.

To alleviate the influence of these error terms, slight ad-

justments can be made to the Rpp and Cpp. This fine-tuning
enables further improvement in the precision of the measurement
process.

D. Reverse Current Detector

The RCD allows the transistor to function as a diode by
comparing the drain and source voltage. Fig. 9(b) illustrates the
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Fig. 11.  Schematic of the comparator of the RCD.

implementation of RCD [16]. Taking transistor M3 in the power
stage as an example, when current flows from the Lg to Couyr,
V1+ becomes greater than VoyT due to the ON-resistance of M.
Conversely, the reverse current occurs as Vour is higher than
V1, +.RCD turns OFF M3 by comparing VouT and V4 to prevent
Cout from discharging back to the piezoelectric harvester. A
two-stage OP-amp without compensation, as shown in Fig. 11,
is employed as the comparator in RCD.

E. Pulse Generator

The schematic of the pulse generator is presented in Fig. 9(c).
The pulse generator converts a level signal into a pulse signal,
which determines controlling the duration of ®pp and Pyc
[17]. When the input signal (IN) goes high, the output signal
(OUT) goes high, and VR is discharged from high to low. After
the discharging time of Viyc (Tpuise), OUT goes low. Tpyse 18
determined by an adjustable RC delay string constructed by R
and Cy ~ C7. The control signal W[7:0] can adjust the pulse
duration to compensate for the variation in the Lg and the Cpy
value.

F. High Voltage Isolation Circuit

Fig. 9(d) illustrates the schematic of the high-voltage isolation
circuit. V4 and V4 150 are the voltage node in the power stage
and control circuits, respectively. The high-voltage isolation
circuit isolates the low-voltage components, which refers to
devices operated at voltages lower than 5 V, in the control circuits
from the high-voltage nodes in the power stage. High-voltage
isolation circuit is situated between V. /Vy_ and RCD. When
M3 or M4 of the power stage turns ON, V4 and V,_ are less than
5 V. Mpy in high voltage isolation circuit conducts, allowing
the voltage signal to RCD. When RCD is not working, Mp is
turned OFF to prevent the high voltage node V1 /V,_from being
connected directly to the RCD. Since V. varies with time, the
level shifter [18], [19], [20] translates the power rail of ENRCD
from the VDD domain to the Vy;ax domain to fully turn OFF
M DO-
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Fig. 12.  Schematic of (a) NMOS driver and (b) PMOS driver.

G. Drivers and Level Shifters

Gate driving circuitries are utilized to facilitate faster switch-
ing of the large power switch devices. A cascade of CMOS
inverters with multiple width-to-length ratios is utilized for the
N-type power MOS driver, as shown in Fig. 12(a). However, this
circuit cannot drive the high-voltage PMOS since its gate voltage
must be the highest across the switch. Therefore, Vppnax, the
bulk regulation output, powers the P-type power MOS driver
circuit, as shown in Fig. 12(b).

During the start-up phase of the proposed SICE, the ENBAR
input is set to a high-level, effectively isolating the first five
inverter strings of the driver. Consequently, the last inverter
outputs high, ensuring the PMOS is off. After start-up, the
ENBAR goes to a low level, allowing the driver to operate
normally.

IV. SIMULATION AND MEASUREMENT RESULTS

The ac—dc converter with SICE was fabricated in a 0.25-pm
HV-CMOS process. Fig. 13 shows the chip micrograph, with a
die area of 2.76 mm?, including PADs, and 1.92 mm? without
PADs. Table I gives an overview of the specifications of the
custom MEMS piezoelectric harvester and the value of passive
components used in the measurement. The measurement setup
is also illustrated in Fig. 14. The Signal Generator produces a
sinusoidal signal to the power amplifier, which drives the Shaker.
The piezoelectric harvester, mounted on the shaker, vibrates at
its resonant frequency of 120 Hz with a Cpyz of 15 nF. The
ac electrical current generated by the Piezoelectric Harvester,
measured at 0.4g, serves as the input power for the SICE and
amounts to 58 pA.

Piezoelectric harvester’s acceleration is monitored by an ac-
celerometer to prevent damage due to over-excitation. Changes
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Fig. 13.  Chip micrograph of the SICE interface circuit.

TABLE I
SPECIFICATIONS AND COMPONENT USED IN THE MEASUREMENT

Max. sz 12V

Vour <SSV

Crz 15nF

Cp[) 5 pF

Cour 1uF

Ls 2.2mH

Rpcer 22Q

Rpp 20MQ

Ry 82/100/150/220/330/390/470KQ
1 120 Hz

Signal

\ Generator @ :
- Oscilloscope

I ™ Custom MEMS
15 6mm x 8mm

Piezoelectric
Harvester

Fig. 14.  Measurement setup for the SICE interface circuit.

in motion or induced forces compress the piezoelectric material,
generating an electrical charge that is proportional to the force
(acceleration). This charge signal is then converted into a voltage
signal using a charge amplifier and displayed on an oscilloscope.
Power board, equipped with LDOs, supplies multiple power rails
to the SICE Board.

Fig. 15 presents the measured waveform of the SICE interface
circuit, including Vpyz (Vpz4-Vpz.), Vour with different npp
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Fig. 15. Measured waveform of the SICE interface circuit for (a) ngr =0,

(b) npr =1, and (c) the voltage across Lg at harvesting operation.

values, and the voltage across Lg during the harvesting oper-
ation. Fig. 15(a) shows the waveform of SICE for ngr = 0,
which is equivalent to the SECE interface circuit, where only
the harvesting operation is performed. Vpyz returns to zero after
the harvesting operation. Fig. 15(b) demonstrates the operation
as ngr = 1, where Vpy inverts the polarity during the bias-flip
operation. Each bias-flip operation is accompanied by a harvest-
ing operation. Vpyz returns to O after the harvesting operation.
Fig. 15(c). shows the zoom-in waveform in the harvesting op-
eration. An OFF-chip resistor Ry, is connected in series with Lg
to observe the current (Ir,g) waveform of Lg. The node between
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Lg and the resistor is named Vyp. Is can be measured by
evaluating V_-Vyp divided by Rpg. After the completion of
Py1c, I1s reaches its peak value since all energy is stored in Lg.
Upon the completion of @y, I1,g returns to zero as the energy
has been transferred to Coyr.

Fig. 16 illustrates the measured steady-state waveform for
different npp. The switches in the power stage have a breakdown
voltage of 12 V. Vpy, is limited to a maximum of 10V with ngp
= 0, as shown in Fig. 16(a). To prevent damage on n power
stage switches caused by excessive Vpy voltage, sz is set to
2.8 V for ngr = 1,2,3, also allowing a comparison of Poyr
under different npp values as shown in Fig. 16(b), (c), and (d),
respectively.

The input power of 180 uW is obtained by multiplying the
RMS values of Vpy and Ipz, as shown in Fig. 16(a). Meanwhile,
Vouris 3.3V witha 100kS) R . The calculated harvested Pouyr
of SICE is 108.9 W, achieved when sz is 10V and ngp is 0.
This result corresponds to an efficiency of 60.5%.

To demonstrate the PoyT across various npr values, a range
of ngp from 0 to 4 is selected. This choice is based on the
observation in Fig. 7, where the gain for v = 0.75 starts to drop
after ngr = 3. Accordingly, the value of Vp 7 is selectedas 2.8 V
to ensure the Vpy is within the withstand voltage limits of the
power switches. Fig. 16(b) shows the measurement result when
Vpz =2.8 Vand ngp = 1,2, and 3.

The measured Poyt values for ngr = 1 to ngp = 3 are
14.2, 19, and 22.2 uW. In our design, sz =2.8Vand ngr =
3, the input power after three bias-flip operations corresponds
to a power of 32.4 uW. Voyr is 3.22 V with 470 KQ R;,
which is equal to a measured Poyt of 22.2 uW. Therefore,
the measured efficiency of our proposed circuit is calculated as
68.5% (22.2 pW divided by 32.4 ;sW) without the inclusion
of the control circuit. When considering the control circuit,
the efficiency is measured as 65.4%. Fig. 19 shows the total
simulated power consumption of the sub-blocks amounting to
1 W, which closely aligns with the measurement result.

To provide a more comprehensive comparison, Fig. 17 shows
the theoretical, simulated, and measured Poyr versus VPZ
under different ngp values. Poyr increases with higher sz,
except when npr = 4, where the dissipated energy significantly
surpasses the harvested Poyr. Fig. 17 also provides the zoom-in
view of the measured Pour under different npy values in theory,
simulation, and measurement when sz = 2.8 V. The measured
Pouyr of 22.2 uW is achieved when ngrp = 3, which is 1.57
times higher than theoretical SECE. This result aligns with the
theoretical analysis in Fig. 7, where ~ is approximately equal to
0.75. Additionally, PoyT is boosted to 288% compared to the
FBR for npp = 0 and Vpz = 10 V. For ngp = 3 at Vpy = 2.8V,
Pour is boosted to 624%, respectively.

In SICE, varying VoyT can be achieved by adjusting the value
of Ry,. To verify the loading-independent characteristic of SICE,
Fig. 18 presents the relationship between Pouyt and Vout when
\7p 7 1s 2.8 and 10 V. The obtained results indicate that the PoyT
of SICE remains relatively constant regardless of the changes in
Vour, in contrast to other interface circuits. Noted that the SECE
and SSHI values depicted in this figure are based on theoretical
calculations.
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Fig. 17.  Simulated and measured PoyT versus sz under different ngg.

Fig. 19 provides the power breakdown of the simulated power
consumption for the SICE circuit, using a peak piezoelectric
voltage Vpy of 2.8 V. The simulation yields a Poy of 22.5 uW,
with a total power consumption of the subblocks amounting
to 847 nW, which closely aligns with the measurement result.
The contributions of each subblocks are also presented. In the
pie chart, the ring oscillator is the most significant contributor,
accounting for 82.06% of all subblocks’ power consumption
of the overall power loss because it is continuously turned on
compared to other circuit blocks.

Steady-state waveform (a) for npr =0, Vpz = 10V with Ry, = 100k, (b) for ngp =1, Vpz =2.8 V with R, = 180 K, (¢) for ngp =2, Vpz =2.8 V
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Fig. 18. Measured PoyTt versus VouT under different conditions: (a)

ngr =0and Vpz =10V and (b) ngr =3 and Vpy =2.8 V.
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Fig. 19.  Simulated power breakdown for ngr =3 and sz =2.8V.

Table II compares the performance of our proposed SICE
with other IC-based piezoelectric energy harvesting interface
circuits within the past four years. When ngr = 0, equivalent to
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR ART
Javvaji et Chamanian Ciftci et al. Sankar et Angelov and Nielsen- . . .
al. [23] etal. [24] [25] al. [26] Lonn [27] Lietal. [28] This article
JSSC 2019 TPEL 2019 | TCAS-I 2021 JSSC 2022 JSSC 2020 VLSI 2019 ngy=0 I ng=3
Process
(CMOS) 0.13-pm 0.18-pm HV 0.18-pum 0.18-pm 0.18-pm 0.13-pm 0.25-pm
Scheme Type SSHI SECE ssHCp | Pre-charge and SSHC SSHI SICE
Accumulation
i i 14 nF / 20 nF/
Piezocelectric 4nF 20F 19 nF 6 nF 15 nF
Capacitance 22 nF 100 nF
Open-circuit 1.5V 475V 1.02V 1v 127V 1.6 V/2.66 V 10V /2.8V
Voltage (Voc)
i 441 Hz / 100 H
Operation z 390 Hz 415 Hz 146 Hz 2 Hz z 120 Hz
Frequency (fr) 432 Hz - 180 Hz
Custom Custom MIDE Custom
. . MIDE MEMS MEMS PPA 1021 MEMS MIDE Custom Custom
PleZOClECU'lC PPA 1022 / PPA 1021 / MEMS [22] MEMS [22]
Harvester MIDE a=N/A a=lg a=N/A a=N/A MIDE
PPA 1021 PPA 1011 a=0.4g a=0.1g
62.22 uW/ 32.3 uW/ 130 uyW 22 uW
Output Power " 78 kW 47 uW 10.2 W 151 pW # s om
(Pour) 78.75 uW 292.2 uW (Vez=10V) (Vrz=2.8V)
Quiescent
Current (IQ) N/A N/A N/A N/A N/A 0.9 pA 278.1nA 278.1nA
. 448% / 288% 624%
Power gain* 222% 544% 368% 701% 417% A A
428% r=10v) | (Ver=2.8V)
P P,
*Power Gain: = POUT = out T
FBR Gy (Vo /2) 1,
SECE, the proposed SICE interface circuit outperforms the work ACKNOWLEDGMENT

presented in [22] regarding power gain. In the case of the npr =
3, SICE can boost the PoyT to 624% compared to the FBR at
Vpz = 2.8 V. The power gain of our proposed SICE outperforms
other hybrid techniques and ranks as the second highest among
the state-of-the-art given in Table II. While SSHC described in
[27] demonstrates an impressive power gain (701%) at an output
voltage of 3 V, it is important to note that the Poyr of SSHC is
still dependent on R,. This comparison demonstrates that SICE
significantly increases the Poyt for low Vpz by performing
multiple bias-flip operations on small vibrations.

V. CONCLUSION

In conclusion, combining SSHI and SECE, the SICE in-
terface circuit offers significant advantages for piezoelectric
energy harvesting. It maximizes PoyT without relying on the
loading impedance (Ry) and provides up to six times more
energy harvesting compared to conventional interface circuits
in low-coupling systems. The measurement results demonstrate
a 624% increase in Poyt compared to the FBR for sz =
2.8 V. Furthermore, using a single inductor ensures no increase
in PCB area and cost, as the operation time of both schemes
is nonoverlapping. The integration of ICs leads to lower power
consumption due to reduced parasitic capacitance and resistance
of the sub-blocks compared to PCB-level SICE. Additionally,
with MEMS, it is easier to integrate with other circuits, such
as dc/dc converters, enabling the development of a compact,
integrated Piezoelectric Energy Harvesting system.

The authors want to thank Taiwan National Chip Implemen-
tation Center for the HV-CMOS process support.

REFERENCES

[1] C.L.Kuo,S.C.Lin, and W. J. Wu, “Fabrication and performance evalua-
tion of a metal-based bimorph piezoelectric MEMS generator for vibration
energy harvesting,” Smart Mater. Struct., vol. 25, 2016, Art. no. 105016.

[2] B.Richter, J. Twiefel, and J. Wallaschek, “Piezoelectric equivalent circuit
models,” in Energy Harvesting Technologies, S. Priya and D. J. Inman,
Ed., New York, NY, USA: Springer, 2009, pp. 107-128.

[3] D. Guyomar and M. Lallart, “Recent progress in piezoelectric conversion
and energy harvesting using non-linear electronic interfaces and issues in
small scale implementation,” Micromachines, vol. 2, pp. 274-294, 2011.

[4] D. Guyomar, A. Badel, E. Lefeuvre, and C. Richard, “Toward energy
harvesting using active materials and conversion improvement by non-
linear processing,” IEEE Trans. Ultrasonics, Ferroelect. Freq. Control,
vol. 52, no. 4, pp. 584-595, Apr. 2005.

[5] M. Shim, J. Kim, J. Jeong, S. Park, and C. Kim, “Self-powered 30 uw to
10 mW piezoelectric energy harvesting system with 9.09 ms/V maximum
power point tracking time,” IEEE J. Solid-State Circuits, vol. 50, no. 10,
pp- 2367-2379, Oct. 2015, doi: 10.1109/JSSC.2015.2456880.

[6] G. K. Ottman, H. F. Hofmann, and G.A. Lesieutre, “Optimized piezo-
electric energy harvesting circuit using step-down converter in discon-
tinuous conduction mode,” IEEE Trans. Power Electron., vol. 18, no. 2,
pp. 696-703, Mar. 2003.

[7]1 Y.K.Ramadass and A. P. Chandrakasan, “An efficient piezoelectric energy
harvesting interface circuit using a bias-flip rectifier and shared inductor,”
IEEE J. Solid-State Circuits, vol. 45, no. 1, pp. 189-204, Jan. 2010.

[8] D. A. Sanchez, J. Leicht, E. Jodka, E. Fazel, and Y. Manoli, “A 4, W- to-
1mW parallel-SSHI rectifier for piezoelectric energy harvesting of periodic
and shock excitations with inductor sharing, cold start-up, and up to 681%
power extraction improvement,” in Proc. IEEE Int. Solid-State Circuits
Conf., 2016, pp. 366-367.


https://dx.doi.org/10.1109/JSSC.2015.2456880

15718

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

E. Lefeuvre, A. Badel, C. Richard, and D. Guyomar, “Piezoelectric energy
harvesting device optimization by synchronous electric charge extraction,”
J. Intell. Mater. Syst. Struct., vol. 16, pp. 865-876, Oct. 2005.

T. Hehn et al., “A fully autonomous integrated interface circuit for
piezoelectric harvesters,” IEEE J. Solid-State Circuits, vol. 47, no. 9,
pp. 2185-2198, Sep. 2012.

M. Ghovanloo and K. Najafi, “Fully integrated wideband high-current
rectifier for inductively powered devices,” IEEE J. Solid-State Circuits,
vol. 39, no. 11, pp. 1976-1984, Nov. 2004.

Joseph F. White, “LC resonance and matching networks,” in High Fre-
quency Techniques: An Introduction to RF and Microwave Design and
Computer Simulation, Piscataway, NJ, USA: IEEE, 2004, pp. 59-77,
doi: 10.1002/0471474827.ch3.

E. Andrés Gomez-Casseres, S. Mario Arbuld, R. Juan Franco, R. Contr-
eras, and J. Martinez, “Comparison of passive rectifier circuits for energy
harvesting applications,” in Proc. IEEE Can. Conf. Elect. Comput. Eng.,
2016, pp. 1-6.

D. Kwon and G. A. Rincon-Mora, “A single-inductor 0.35um CMOS
energy-investing piezoelectric harvester,” IEEE J. Solid-State Circuits,
vol. 49, no. 10, pp. 2277-2291, Oct. 2014.

Y. K. Ramadass, “Energy processing circuit for low-power applications,”
Ph.D. dissertation, Massachusettes Inst. Technol., Cambridge, MA, USA,
Jun. 2009.

C. Peter, D. Spreemann, M. Ortmanns, and Y. Manoli, “A CMOS in-
tegrated voltage and power efficient AC/DC converter for energy har-
vesting applications,” IOP J. Micromechanics Microeng., vol. 18, 2008,
Art. no. 104005.

S.Du, Y. Jia, C. D. Do, and A. A. Seshia, “An efficient SSHI interface with
increased input range for piezoelectric energy harvesting under variable
conditions,” IEEE J. Solid-State Circuits, vol. 51, no. 11, pp. 2729-2742,
Nov. 2016.

Texas Instruments, “TPS7A470x 36-V, 1-A, 4-uvRMS, RF LDO voltage
regulator, TPS7A4700 datasheet, Sep. 2014.

Texas Instruments, “TPS22860 ultra-low leakage load switch,” TPS22860
datasheet, Apr. 2015.

Chroma, “Programmable dc electronic load model 6310A series,” 6310A
datasheet, Jun. 2023.

M. Lallart, W.-J. Wu, Y. Hsieh, and L. Yan, “Synchronous inversion
and charge extraction (SICE): A hybrid switching interface for effi-
cient vibrational energy harvesting,” Smart Mater. Struct., vol. 26, 2017,
Art. no. 115012.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Shun-Chiu Lin and Wen-Jong Wu, “Piezoelectric micro energy harvesters
based on stainless steel substrates,” Smart Mater. Struct., vol. 22, no. 4,
2013, Art. no. 045016.

S. Javvaji, V. Singhal, V. Menezes, R. Chauhan, and S. Pavan, “Analysis
and design of a multi-step bias-flip rectifier for piezoelectric energy
harvesting,” IEEE J. Solid-State Circuits, vol. 54, no. 9, pp. 2590-2600,
Sep. 2019, doi: 10.1109/JSSC.2019.2917158.

S. Chamanian, H. Ulusan, A. Koyuncuoglu, A. Muhtaroglu, and H.
Kiilah, “An adaptable interface circuit with multistage energy ex-
traction for low-power piezoelectric energy harvesting MEMS,” IEEE
Trans. Power Electron., vol. 34, no. 3, pp.2739-2747, Mar. 2019,
doi: 10.1109/TPEL.2018.2841510.

B. Ciftci, S. Chamanian, A. Koyuncuoglu, A. Muhtaroglu, and H. Kiilah,
“A low-profile autonomous interface circuit for piezoelectric micro-power
generators,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 68, no. 4,
pp. 1458-1471, Apr. 2021, doi: 10.1109/TCSL.2021.3053503.

S. Sankar, P.-H. Chen, and M. S. Baghini, “An efficient inductive rectifier
based piezo-energy harvesting using recursive pre-charge and accumula-
tion operation,” IEEE J. Solid-State Circuits, vol. 57,no. 8, pp. 2404-2417,
Aug. 2022, doi: 10.1109/JSSC.2022.3153590.

P. Angelov and M. Nielsen-Lonn, “A fully integrated multi-
level synchronized-switch-harvesting-on-capacitors interface for generic
PEHs,” IEEE J. Solid-State Circuits, vol. 55, no. 8, pp.2118-2128,
Aug. 2020, doi: 10.1109/JSSC.2020.2979178.

S. Li, A. Roy, and B. H. Calhoun, “A piezoelectric energy-harvesting
system with parallel-SSHI rectifier and integrated MPPT achieving 417%
energy-extraction improvement and 97% tracking efficiency,” in Proc.
Symp. VLSI Circuits, 2019, pp. C324-C325.

A. Morel et al, “32.2 Self-tunable phase-shifted SECE piezo-
electric energy-harvesting IC with a 30nW MPPT achieving
446% energy-bandwidth improvement and 94% efficiency,” in
Proc. IEEE Int. Solid- State Circuits Conf., 2020, pp.488-490,
doi: 10.1109/ISSCC19947.2020.9062972.

X. Yue, S. Javvaji, Z. Tang, K. A. A. Makinwa, and S. Du, “30.3 A bias-
flip rectifier with a duty-cycle-based MPPT algorithm for piezoelectric
energy harvesting with 98% peak MPPT efficiency and 738% energy-
extraction enhancement,” in Proc. IEEE Int. Solid- State Circuits Conf.,
2023, pp. 442444, doi: 10.1109/ISSCC42615.2023.10067284.


https://dx.doi.org/10.1002/0471474827.ch3
https://dx.doi.org/10.1109/JSSC.2019.2917158
https://dx.doi.org/10.1109/TPEL.2018.2841510
https://dx.doi.org/10.1109/TCSI.2021.3053503
https://dx.doi.org/10.1109/JSSC.2022.3153590
https://dx.doi.org/10.1109/JSSC.2020.2979178
https://dx.doi.org/10.1109/ISSCC19947.2020.9062972
https://dx.doi.org/10.1109/ISSCC42615.2023.10067284


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


